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The goal of this study is to provide insight into the mechanism of the oxygen reduction reaction on the TiO,
rutile (1 1 0) surface in the presence of bridging hydroxyl groups. Considering the Langmuir-Hinshelwood and
Eley-Rideal mechanisms, each possible intermediate was identified using density functional theory and a cluster
model along with the energy barriers of the reduction steps and the O—O bond breaking. Our results show that
the initial step, the O, adsorption on the surface, is favored compared to the pure surface. At higher potentials,

the oxygen reduction reaction was found to go through the formation of HO,, which can easily convert to two
terminal hydroxyl groups. The rate-limiting step is the desorption of the first H,O with 0.58 eV energy re-
quirement at zero applied potential, while at 1.23V the reduction of the adsorbed OH to form H,O is the
bottleneck with a barrier height of 1.71 eV.

1. Introduction

Polymer electrolyte fuel cells (PEFC) are widely investigated, be-
cause they are promising alternatives to petroleum-based energy
sources due to their high efficiency, high power density, low emission,
and low operating temperature [1]. However, there are still many
challenges to be tackled before PEFCs can be commercialized. One of
them is to find a sufficiently active and cost-effective catalyst for the
oxygen reduction reaction (ORR). Nowadays Pt is used as a cathode
catalyst, but the insufficient activity and high cost prevent its large-
scale applications. TiO, is a possible candidate owing to its high sta-
bility in acidic media. It has been used in several experiments as ORR
catalyst itself [2-11] and also combined with other materials [12-14].
These results show that the activity of pure TiO, rutile is moderate
compared to Pt, but it can be increased with doping [13,14] or in-
troducing defects on the surface [15,16]. Among the different crystal
planes, the highest activity was attributed to the (110) plane [10],
thus, in this work, we will focus on the TiO, rutile (11 0) surface.
However, it should be mentioned that stability superior to the Pt/C
catalyst and increased activity were also found introducing defects on
the TiO, anatase (001) surface [15].

On the TiO, rutile (1 10) surface, the Ti atoms are either six- or
fivefold coordinated. Furthermore, the O atoms are either threefold
coordinated in the plane of the surface or twofold coordinated bridging

* Corresponding author.
E-mail address: ganyecz.adam@mail.bme.hu (A. Ganyecz).

https://doi.org/10.1016/j.comptc.2019.112607

atoms prominent from the surface. Several studies deal with the surface
properties of rutile (11 0) [17], especially with the adsorption of H,O
and with the adsorption of small molecules on it such as water or
oxygen [18-28]. The water adsorption follows an associative me-
chanism according to the experiments on the pure surface, while it
follows a dissociative mechanism at bridging oxygen vacancies, the
most common defect on this surface, leading to the formation of brid-
ging hydroxyl groups [21,22,25].

The first step of the ORR, the oxygen adsorption on the TiO rutile
(110) surface, has been investigated both theoretically and experi-
mentally in the presence of bridging hydroxyl groups. In a molecular
dynamics study [29], the adsorbed OOH and hydrogen peroxide were
found to be the most stable intermediates due to the stabilization by the
hydrogen bonds formed with the neighboring bridging hydroxyl
groups. Less stable intermediates, such as oxygen adatoms plus ad-
sorbed water or bridging hydroxyls were not supported by the calcu-
lations. In fact, adsorbed OOH species were found to spontaneously
form from the reaction of an oxygen molecule and a bridging hydroxyl
group according to STM imaging [30]. The adsorbed OOH species were
observed to be quite stable and immobile especially in the presence of a
second bridging hydroxyl group in the vicinity, and its dissociation to
an oxygen adatom and a terminal hydroxyl occurred only in few in-
stances. As a secondary reaction, the OOH species and a neighboring
bridging hydroxyl group were found to produce a water molecule
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leaving an oxygen adatom on the surface. The resulting oxygen adatoms
turned out to be able to accept a hydrogen atom from a nearby bridging
hydroxyl or from the adsorbed OOH species leading to a stable and
immobile terminal hydroxyl, which can further reduce to water ac-
cepting a hydrogen atom from an adjacent bridging hydroxyl group or
another terminal hydroxyl. Adsorbed hydrogen peroxide intermediate
was not observed probably because of its short lifetime. On partially
hydroxylated surfaces, it was also revealed that water molecules can
catalyze the reaction of oxygen adatoms and bridging hydroxyls, the
reaction of terminal and bridging hydroxyls, and the delivery of oxygen
adatoms to bridging oxygen vacancies, which finally leads to their
mutual annihilation [31]. Water molecules also resulted in shorter
lifetime for the oxygen adatoms, terminal hydroxyls, and OOH species
on fully hydroxylated surfaces due to the mediation of the diffusion of
bridging hydroxyls to these reactants.

Despite the interest, we still lack comprehensive studies about the
mechanism of the ORR on the rutile (1 10) surface in the presence of
defects, which would facilitate the understanding of the processes and
the design of better ORR catalysts. The study of defective rutile surfaces
is also justified as the increased catalytic activity of the related anatase
has been observed previously. In this paper, DFT methods and a cluster
model are applied to examine the reduction of the oxygen molecule on
the TiO, rutile (110) surface in the presence of bridging hydroxyl
groups, taking into account the effect of the solvent and the electric
potential. All the possible oxygen reduction reaction pathways are in-
vestigated, and the barriers for the O—O bond breaking and the re-
duction steps are determined supposing the Langmuir-Hinshelwood
(LH) or the Eley-Rideal (ER) mechanisms.

2. Computational details

For the geometry optimizations and frequency calculations, the
cost-efficient but still reasonably accurate BP86 semi-local generalized
gradient approximation functional [32,33] was selected with the
smaller 6-31G(d) basis set [34]. For the subsequent single-point energy
calculations, the more accurate TPSSh functional with the larger def2-
TZVP basis set [35] was utilized combined with the DFT-D3 dispersion
correction [36] with Becke-Johnson (BJ) damping [37]. The density
fitting approximation was invoked in all the above calculations. Open-
shell systems were calculated using spin-unrestricted DFT. If it is not
specified otherwise, the SMD solvation model [38] was used during the
calculations. The transition states of the O—O bond breaking and the H-
transfer on the surface to the reactant in the LH mechanism were
confirmed by the imaginary frequency of the corresponding vibrational
mode.

Free energies of the ORR intermediates were calculated based on a
computational hydrogen electrode model suggested by Ngrskov et al.
[39], which has been used in several studies [40-44]. In this model,
using the standard hydrogen electrode as reference, the chemical po-
tential of H* and e~ can be related to that of 1 H, in the gas phase, i.e.
at U=0V, pH=0, p=1bar, and T =298K GH")+G(e™) =1/
2G(Hs,). The Gibbs free energy of a species at 298 K relative to the re-
actants, AG,o, was calculated as

AGaos = AE(s0lv) + AERS on + AEzpE + AGo_08 + AGN" P + AGy + AGpn

Computational and Theoretical Chemistry 1168 (2019) 112607

where AE.(solv) is the relative electronic energy calculated at the
TPSSh/def2-TZVP level using SMD solvation model, while AEﬁsgrsion is
the corresponding dispersion correction. AEzpr and AGy_,9 are the
differences of zero-point energies and the thermal corrections to Gibbs
free energies, respectively, obtained from BP86,/6-31G(d) calculations.
We note that the correction of Martin, Hay, and Pratt [45] was applied,
i.e., in the translational partition function instead of p = 1 atm,
p = p,RT = 1354 atm was used to take into account the effect of the
solvent on the translational entropy. AGSYP~“PS is the non-electrostatic
effect of solvation from the SMD solvation model.

Complete frequency calculations were not feasible for our models;
however, only the differences among the various species are needed to
evaluate the AEzpr and AGy_ s contributions; therefore, the surface
cluster model was fixed during the frequency calculations. AGy in-
corporates the effect of the electrode potential (U), which is equal to
— eU. AGyy is the change in free energy due to the presence of H* ions
in the solution, the activity of which is, however, taken as unity, so this
term has no effect on the results. The energy of the reactants is
G (reactants) = G (surface) + 4[G(H') + G(e™)] + G(0,) — 4U. For fur-
ther details see the SI.

In each reduction step, which is a coupled proton and electron
transfer (CPET), the proton has to surpass the double layer from the
bulk solution to the electrode. The modeling of this process is out of the
scope of this study, and its effect is taken into account by taking the
barrier to be 0.3 eV according to Jacob et al. [46]. Therefore, the bar-
riers of the ER mechanism are estimated to be 0.3 eV plus the reaction
Gibbs free energy, if it is positive, while in the case of the barriers of the
LH mechanism, the transition states of the H-transfer were also con-
sidered.

The calculations for the bigger model systems (see later) were car-
ried out with the Turbomole 7.1 package [47]. For all the other cal-
culations the Gaussian 09 quantum chemistry program (Revision E.01)
[48] was utilized.

3. Model construction

We chose a cluster model for the description of the phenomenon
studied. We note that we do not employ a periodic model, because
periodic DFT calculations are still limited, compared to general DFT,
regarding the available functionals (especially hybrid meta-GGA) and
solvent models. Evaluation of the solvent effects are important to pro-
vide appropriate Gibbs free energy data for our processes. Also, for a
periodic model a large enough cell should be used to avoid the overlap
of the effect of bridging hydroxyl groups, which would be computa-
tionally demanding.

First, a pure TiO, rutile (1 1 0) surface model was built by cutting
two trilayers from the bulk experimental rutile geometry (with Ti—O
bond lengths of 1.948 A and 1.981 A) and closed by hydrogen atoms
(with optimized positions) forming terminal hydroxyl groups, which
led to a Tiz Os4Ho4 cluster (Fig. 1). Two-trilayer thickness were used to
have fivefold coordinated Ti atoms on the surface. Towards the other
two directions, the size of the model was chosen to have a central fi-
vefold coordinated Ti atom on the surface with two neighboring five-
fold coordinated Ti atoms, and with two neighboring bridging oxygen
atoms. For the optimization of the H—O bonds in the terminal hydroxyl

(@€D)] groups the calculations were performed with singlet spin-multiplicity in
v‘\ ,A /.\ Vo . ? ? Fig. 1. The TiO, rutile (1 1 0) surface cluster model.
o HS s o é ¢ §
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Fig. 2. Oxygen molecule adsorbed in different orientations on the pure TiO, rutile (1 1 0) surface (for clarity only the upper trilayer is shown). The presented values
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are in eV.
gas phase.

Next, the adsorption of the oxygen molecule was investigated on the
pure TiO, rutile (1 1 0) surface model in gas phase. Two possible stable
orientations of O, are shown in Fig. 2. In the first one, TiO>—0,(A), O,
binds perpendicularly to the line of the surface Ti atoms, while in the
second orientation, TiO>—04(B), O, is parallel. In both cases one oxygen
atom binds to the Ti atom, while the other sticks out of the plane. The
adsorption free energies, AG,qs, for the two orientations are fairly si-
milar, 0.00eV and 0.06 eV, respectively. These results are in ac-
cordance with the experimental observation: the adsorption of O, on
pure TiO, rutile (1 1 0) surface is unlikely [17].

To examine the convergence of the results with respect to the cluster
size, we considered the effect of the next layer (in each direction) on the
oxygen adsorption energies, on a Tigs0794Hgo cluster. Due to the size of
the system, frequency calculations were not possible, only the TPSSh-
D3BJ/def2-TZVP adsorption energies were determined and compared
to the results from the original model. The adsorption energies on the
clusters of different size only differ by 0.10 and 0.09 eV, respectively, in
the two orientations. These results support that the size of the cluster is
appropriate.

To further validate our model, the gas-phase adsorption energies of
H, O, OH, OOH, and H,O were compared to literature values. The re-
sults are compiled in Table 1. Our adsorption energies only differ by
0.02, 0.03, 0.00, and 0.06 eV for H, O, OH, and OOH, respectively, from
those obtained in the periodic PBE calculations of Wu [49] and Mom
[50]. The conformity with the experimental data is less satisfactory: the
adsorption enthalpy of H,O is —1.57 eV from our calculations, while
the experimental data is —0.96 eV [51,52]. Nevertheless, these results
suggest that the applied model qualitatively correctly describes the
energetics of this system, and its predictivity is similar to that of peri-
odic DFT calculations.

In the following, a pair of bridging hydroxyl groups was built on the

Table 1
Adsorption energies of various species on rutile TiO5 (1 1 0) surface compared
to literature values in eV.

Species This work Literature

H —2.66 —2.64 Periodic DFT, ref [49]

(¢] —0.81 —0.84 Periodic DFT, ref [50]

OH —-1.56 —-1.56 Periodic DFT, ref [50]
OOH -0.62" —0.56 Periodic DFT, ref [50]
H,0" -1.57 —-0.96 Experimental, Refs. [51,52]

2 The most stable binding mode has —1.18 eV adsorption energy, however,
in the reference no geometry were given, we assume the same binding mode is
compared here.

> The values are adsorption enthalpies at 298 K.

TiO, rutile (110) surface cluster model. The positions of all cluster
atoms were fixed with the exception of the attached H atoms of the
bridging hydroxyl groups. Using singlet and triplet spin-multiplicity for
the calculation of this model with a pair of bridging hydroxyl groups it
was found that the triplet state is more stable than the singlet by
0.51 eV. The resulting model system will be denoted by h-TiO, here-
after. Also, if necessary, the multiplicity of the system is presented in
the upper left corner of the formula, for example, as >h-TiO».

Then, the oxygen adsorption on the surface was investigated in the
presence of the bridging hydroxyl groups. Due to the hydroxyl groups
the observed binding modes are different than in the case of the pure
TiO, surface (see Fig. 3). In the first two cases, h-TiO,-O5(A) and h-
TiO—0,(B), both oxygen atoms are connected to a Ti atom, and the
difference is the number of neighboring bridging hydroxyl groups. In
the third possible position the two oxygen atoms attach to the same Ti
atom, and the adsorbed O, is perpendicular to the line of the surface Ti
atoms [h-TiO,—-05(C)]. A position similar to TiO,-O,(B) also exists
where the O, molecule is stabilized by a bridging hydroxyl group [h-
TiO2-0,(D)]. With singlet multiplicity only (A) and (B) binding modes
are available with —1.34 and —1.21 eV adsorption energies, respec-
tively. For triplet multiplicity all listed arrangements are possible,
however, these are less stable than the singlet ones. The most stable
triplet form is >h-TiO,—0,(D) with an adsorption energy of —0.92¢eV,
followed by *h-TiO,-04(A) (—0.86 eV) and >h-TiO5-0,(B) (—0.85 V),
and ®h-Ti0,—-04(C) (—0.67 eV) in the stability order. These results de-
monstrate that the first step of the ORR, the O, adsorption, is en-
ergetically more favorable in the presence of bridging hydroxyl groups
than on the pure surface of rutile. During the discussion of ORR me-
chanism, both multiplicities will be considered. Even though °h-
Ti0,—0,(D) is the most stable triplet form, >h-Ti0,—0,(A) was used as a
starting point of the ORR in the triplet case, because the possible pro-
cesses (the O—O bond breaking and the first step of the reduction) are
more likely from this binding mode, which is anyway by only 0.06 eV
higher in energy than the most favorable orientation.

For comparison, several key features of our h-TiO, model agree well
with the published experimental or theoretical results. The triplet state
of the model is more stable than the singlet by 0.51eV, which is
quantitatively not so far from the literature value of 0.6 eV [53]. The
excess electrons are localized partially on the Ti atoms between and
beside the two bridging OH groups as well as partially on the fivefold
coordinated surface Ti atoms near the bridging hydroxyl groups. This
indicates that our model describes well the hydrated surface since the
unpaired electrons tend to migrate to the surface in the presence of
water according to the previous findings [54]. Moreover, in our model,
the oxygen molecule is adsorbed on the surface only in the presence of
bridging hydroxyl groups, which is qualitatively correct according to
the literature [55].
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Fig. 3. Oxygen molecule adsorbed in different orientations on the TiO rutile (1 1 0) surface in the presence of bridging hydroxyl groups (for clarity only the upper
trilayer is shown; geometries for the triplet configurations are displayed, the geometries for the singlet configurations are similar). The adsorption energies of the

oxygen molecule are shown beneath the figures.

All these findings support that our model correctly describes the
energetics, electronic structure, geometry, and adhesive properties of
the TiO, rutile (110) surface in the presence of bridging hydroxyl
groups.

4. Results and discussion

Fig. 4 shows the general scheme of ORR in acidic media. In the top
line the 2-electron pathway can be seen, where, after two reduction
steps, H,0, is formed. The requirement for the H,O formation, i.e., the
4-electron pathway, is the cleavage of the O—O bond before the deso-
rption of H,O,. Thereafter several routes are possible for the formation
and desorption of H»0.

Surface reactions can occur with the LH mechanism, where all re-
actants are adsorbed on the surface, or with ER, where the surface in-
termediate reacts with a species from the solution. In each reduction
step, which is a coupled proton and electron transfer (CPET), both
mechanisms were considered. Since in the LH mechanism every re-
duction is a two-step process, H adsorption to the surface then moving
from surface to the reactants, here the higher of the two barriers is used
to represent the process in these cases.

In Fig. 5 we present the free energy diagram of the ORR at 0V
potential on the TiO, rutile (1 1 0) surface in the presence of bridging
hydroxyl groups. After the adsorption of O, the resulting *h-Ti0,—-0,
can be reduced to ?h-TiO»-HO», or the O—O bond breaking can take
place to form >h-TiO,—~(0)(0). The barrier for the reduction is 0.30 eV
for both the LH and the ER mechanisms, while the O—O bond breaking

by
HY+e Ht+e

0, 0 H*+e O OH H™e H

0, 720 Htte®  HQ H0 H*ee H,0 H,0

S ¥

l Hy0 i Ho0 l -Hp0

0 H¥+e OH Ht+e H,0 “H,0

| —> — | —  x
* * *

Fig. 4. Complete general scheme of the ORR mechanism on a surface in acidic
media. The surface is symbolized by asterisk, O-/-O denotes bond breaking.

requires 1.11 eV. However, from the more stable 'h-TiO,-O, only the
reduction is possible because the O—O bond breaking to form >h-
TiOo—(0)(O) is a spin-forbidden reaction, and 1h-Ti0»,—-(0)(0) (not
shown in the figure) is with 1.50 eV higher in energy than the corre-
sponding triplet state. The barrier for the reduction is 0.31 and 0.30 eV
for both the LH and the ER mechanisms, respectively, while the O—O
bond breaking requires 1.11 eV, therefore the direct reduction is fa-
vored at this point.
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Fig. 5. Free energy diagram of ORR on TiO, rutile (1 1 0) surface in the presence of bridging hydroxyl groups at 0 V. Notations: grey lines: adsorption/desorption; red
curves: O—O bond breaking energy barrier; blue dotted curves: energy barrier of LH mechanism; green dashed curves: energy barrier of ER mechanism. Black
numbers show the free energies of the corresponding intermediates, while colored numbers are the energy barriers of the corresponding curves. All values in eV. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The ?h-TiO,~HO, can be further reduced to ®h-TiO»-H,0, or can
form ?h-TiO,—(0)(OH) by breaking the O—O bond. Although the latter
process has the lowest barrier, 0.48 eV, reduction can also occur either
through the ER or through the LH mechanism because of the low bar-
riers of 0.52 and 0.65eV, respectively. If the reduction pathway is
followed, then the H,O, formed can desorb with an energy investment
of only 0.33 eV, while the formation of 3h-TiO,—~(OH)(OH) from H,0,
requires the defeat of a 0.26 eV barrier. Thus both directions are fea-
sible, which also means that the 2-electron pathway is possible at zero
potential, however, not the main route. The formation of *h-TiO,~(OH)
(OH) from >h-TiO,—~(OH)(OH) is spin-forbidden, even though it is by
2.19 eV more stable than the triplet form.

There are again two options for the further reduction from 2h-
TiO>~(0)(OH): the formation of 'h-TiO,~(0)(H,0) or 'h-TiO,~(OH)
(OH). The latter is more stable with 0.94 eV than the former, but the
barriers to them are similar, 0.30 eV for both the ER and LH mechan-
isms.

The third reduction step produces the same intermediate, 2h-
TiO,—(OH)(H,0), from all the previous intermediates: from °h-
TiO,—(OH)(OH) and from 'h-TiO,—(0O)(H,O) with barriers of only
0.30 eV, while from 'h-TiO,—(OH)(OH) with 0.30 and 0.41 eV barrier
via the ER and LH mechanisms, respectively. This is the most stable
intermediate with —5.37 eV. The last reduction step to 3h-TiO>-(H,0)
(H,0) needs 0.48 and 0.66 eV energy to overcome the barrier in the
case of the ER and the LH mechanism, respectively. The desorption of
the first H,O from >h-TiO,—(H,0)(H,O) requires 0.58¢V, but the

desorption of the second one is spontaneous and releases 0.01 eV en-
ergy. That means that the usual coverage effect, i.e., the adsorption
energy of the first molecule is the largest, the following molecules have
lower adsorption energies, is not true here. The reason is that the hy-
drated surface is not favourable for the first H,O adsorption, but the
following H>O molecules are stabilized by H-bridges.

The H,O desorption can also happen earlier in the ORR, at 'h-
TiO>—(0)(H20) or 2h-TiO,—(OH)(H,0). In the two cases 0.32 and
0.49 eV is needed for this process, respectively. In this route, the barrier
of the third reduction step from *h-TiO-O to ?h-TiO,-OH is 0.30 eV for
both mechanisms, while, to overcome the barrier of the fourth reduc-
tion step, 0.57 and 0.83 eV is needed for the ER and LH mechanism,
respectively.

If the ideal electrode potential of 1.23 V, the Nernst potential of the
ORR, is applied to the system, a different energetics can be seen (see
Fig. 6). The energy levels are shifted upwards with 1.23 eV after each
reduction step, and the corresponding barriers are also affected. How-
ever, the O—O bond breaking barriers and the adsorption/desorption
energies are unchanged.

At this potential the reduction from *h-TiO,-O, to *h-TiO,-HO, has
a barrier of 0.67 eV in the ER mechanism, but it is still preferred over
the formation of 3h-TiO,—(0)(0) with a 1.11 eV barrier. The LH barrier
for this step is 1.06 eV, therefore it is not likely to occur compared to the
ER mechanism. From 'h-TiO,—O, to 2h-TiO,-HO, the barriers are 1.15
and 1.54eV for the ER and LH mechanisms, respectively. From 2h-
TiO,-HO, the formation of *h-TiO,-H,O, is practically no longer
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Fig. 6. Free energy diagram of ORR on TiO, rutile (1 1 0) surface in the presence of bridging hydroxyl groups at 1.23 V. Notations: grey lines: adsorption/desorption;
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possible. Even the barrier with the more favorable ER mechanism is
1.75 eV, which is very high compared to the 0.48 eV barrier of the O—O
bond breaking. It means that, at higher potentials, the 2-electron
pathway is not possible.

The second reduction step from 2h-TiO,—(0)(OH) has a barrier of
0.30eV to both 'h-TiO>~(0)(H20) and 'h-TiO,-(OH)(OH) with either
mechanisms. Consequently, the lower-energy 1h-TiO,~(OH)(OH) is the
preferred intermediate for this step. From both species the same in-
termediate, *h-TiO,—(OH)(H,0) is formed through the third reduction
step with barriers of 1.21 and 1.64 eV for 'h-TiO>—(OH)(OH) and 0.30
and 1.16 eV for h-TiO,—(0)(H,0) with the LH and ER mechanisms,
respectively. However, the last reduction step requires 1.71 or 1.90 eV
via the ER or the LH mechanism, respectively. The alternative pathway
after the formation and desorption of the first H,O is 'h-TiO,-O — 2h-
Ti0,—OH — >h-TiO,-H,0 — 3h-TiO,. The corresponding barriers are
also rather high, 0.44 and 1.80 eV for the ER, and 1.49 and 2.06 eV for
the LH mechanism, respectively.

To summarize, the lowest-energy pathway at both potentials is >h-
TiO, — 'h-Ti0»-0, — >h-TiO»-HO, — >h-TiO»~(0)(OH) — 'h-
TiO»~(OH)(OH) — *h-TiOx~(OH)(H20) — >h-TiO,-(H,0)(H,0) — °h-

TiO,-H,0 — ®h-TiO,, and the highest barrier to overcome at 0V is the
desorption of the first H,O molecule with 0.58 eV, while at 1.23V the
fourth reduction step with the ER mechanism is the rate-determining
step with a barrier height of 1.71 eV. It is also worth noting that, where
the proton transfer through the double layer is the dominating obstacle,
both the ER and the LH mechanisms can occur, but in any other case the
ER mechanism is preferred.

It is also instructive to compare the mechanism of the ORR on rutile
and platinum. The results of Keith and Jacob [56], who studied this
process on Pt(111) surface, show that, at low potentials on Pt, the
H,0, formation is the preferred pathway, and a mixed 2- and 4-electron
mechanism can be observed. In contrast, in our case the HO, pathway is
favorable, and just a small amount of H,O, can be expected. For Pt the
rate determining step is the desorption of H,O requiring an energy of
around 0.3 eV. At 1.23V on Pt the O—O bond breaking happens after
the adsorption of O,. The highest barrier is 0.99 eV for the last reduc-
tion step, which is almost half of the corresponding barrier for h-TiO,.
However, the rate of the first three reduction steps is expected to be
similar on Pt and on the modified rutile surface even at high potentials.

All in all, our results suggest that the key steps of the 4-electron
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ORR, the O, adsorption and the O—O bond breaking can occur on the
rutile surface in the presence of bridging hydroxyl groups, which makes
this material a possible ORR catalyst. However, it needs to be combined
with other substances to reduce the barrier of the last reduction step of
the ORR.

5. Conclusions

The reduction of the oxygen molecule was investigated on TiO,
rutile (1 1 0) surface in the presence of bridging hydroxyl groups relying
on a cluster model, which was validated using experimental and theo-
retical adsorption energies of H, O, OH, OOH, and H,O. First, a pair of
bridging hydroxyl groups was built on the surface locally optimizing
the geometry of the cluster model. Then, using this model, the reduc-
tion reaction pathway of the oxygen molecule was investigated on the
TiO, rutile (1 1 0) surface in the presence of bridging hydroxyl groups.
The effect of solvation and potential were considered, and both the LH
and the ER mechanisms were studied.

At both 0V and 1.23 V the ORR goes through the formation of HO,
and its dissociation and termination on the surface. Additionally, at 0 V
a small amount of H,0, can be expected due to the comparable barrier
of the O—O bond breaking and the second reduction step. Generally, in
each possible reduction step the ER mechanism is the preferred, except
where the proton transfer through the double layer is the biggest ob-
stacle. The rate-limiting step is the desorption of the first H,O with
0.58 eV energy requirement at zero applied potential, while at 1.23V
the reduction of the adsorbed OH to form H,O is the bottleneck with a
barrier height of 1.71 eV. However, the key steps of the reaction, the O,
adsorption and the O—O bond breaking, are possible on the surface of
rutile, which makes the latter a possible mixing material for ORR cat-
alysts.

Our findings can contribute to the understanding of the oxygen
reduction reaction in polymer electrolyte fuel cells using TiO, rutile
catalyst and to the design of more efficient electrode materials.
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